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Ligands of the transforming growth factor β (TGFβ) superfamily, like Nodal and bone morphogenetic protein (BMP), are pivotal to establish
left–right (LR) asymmetry in vertebrates. However, the receptors mediating this process are unknown. Here we identified two new type II
receptors for BMPs in zebrafish termed bmpr2a and bmpr2b that induce a classical Smad1/5/8 response to BMP binding. Morpholino-mediated
knockdown of bmpr2a and bmpr2b showed that they are required for the establishment of concomitant cardiac and visceral LR asymmetry.
Expression of early laterality markers in morphants indicated that bmpr2a and bmpr2b act upstream of pitx2 and the nodal-related southpaw
(spaw), which are expressed asymmetrically in the lateral plate mesoderm (LPM), and subsequently regulate lefty2 and bmp4 in the left heart
field. We demonstrated that bmpr2a is required for lefty1 expression in the midline at early segmentation while bmpr2a/bmpr2b heteromers
mediate left-sided spaw expression in the LPM. We propose a mechanism whereby this differential interpretation of BMP signalling through
bmpr2a and bmpr2b is essential for the establishment of LR asymmetry in the zebrafish embryo.
© 2007 Elsevier Inc. All rights reserved.Keywords: bmpr2a; bmpr2b; Left–right asymmetry; Cardiac laterality; Visceral laterality; ZebrafishIntroduction
During vertebrate development, establishment of proper
left–right (LR) asymmetry is crucial for correct positioning and
morphogenesis of the internal organs (Kishigami and Mishina,
2005; Levin, 2005). Nodal and Lefty, members of the trans-
forming growth factor β (TGFβ) superfamily, are asymme-
trically expressed in early vertebrate embryos and are known to
play essential roles in the establishment and patterning of the
left and right sides of the embryo (Kishigami and Mishina,⁎ Corresponding author. Hubrecht Institute, Netherlands Institute for Devel-
opmental Biology, Uppsalalaan 8 3584CT Utrecht, The Netherlands. Fax: +31
30 2516464.
E-mail address: christin@niob.knaw.nl (C. Mummery).
1 Present address: Molecular Hematology Unit, Weatherall Institute for
Molecular Medicine (WIMM), Oxford, UK.
0012-1606/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
doi:10.1016/j.ydbio.2007.11.0382005; Levin, 2005; Nakamura et al., 2006). Nodal, Lefty2 and
Pitx2 form a highly conserved expression cassette generating
robust left–right asymmetry in vertebrates (Hamada et al., 2002;
Raya and Belmonte, 2006; Shen, 2007). In mouse, Nodal is
expressed in the node and is required for its asymmetric
expression in the left lateral plate mesoderm (LPM) (Shen, 2007
and references therein). This auto-induction mechanism leads to
a rapid spread of Nodal expression throughout the left LPM and
results in induction of pitx2 and lefty2 expression in the left
LPM, and of lefty1 in the axial midline. Lefty1 and Lefty2
antagonize Nodal activity, shaping a negative feedback loop
that regulates the duration and extent of Nodal signalling in the
left LPM (Raya and Belmonte, 2006). Lack of or bilateral
expression of nodal, lefty2 and pitx2 in mice homozygous for a
mutation in Smad5 suggests that upstream signalling by bone
morphogenetic protein (BMP) is required to repress Nodal
signalling in the right LPM, and that signalling by all of these
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chimeric mouse embryos with a high contribution of em-
bryonic stem (ES) cells lacking the type I BMP receptor Activin
receptor-Like Kinase 2 (ALK2), supported a repressive role
for BMPs (Kishigami et al., 2004). In chick, Caronte activ-
ates Nodal by antagonizing BMP signalling in the left LPM
(Rodriguez Esteban et al., 1999). By contrast, chimeric embryos
containing ES cells with homozygous deletion of BMP4
(Fujiwara et al., 2002) suggested that BMP signalling coor-
dinates LR asymmetry in mice by acting as a positive facilitator
of Nodal expression in the left LPM. Moreover, transplantation
of BMP2-expressing cells (Schlange et al., 2002) or BMP2-
soaked beads (Piedra and Ros, 2002) into the left LPM of chick
embryos induced Nodal expression, further supporting the role
of BMP as activator of Nodal in the left LPM. What actually
breaks symmetry is still debated but it seems likely that BMP
signalling is involved.
In zebrafish, the first morphological evidence of a break in
bilateral symmetry is the positioning of the heart to the left of
the midline (Chen et al., 1997). The primitive heart tube is
formed at the midline of the embryo and at 22 h post fertilization
(hpf) the prospective atrial end moves abruptly to the left. This
is known as cardiac jogging (Chen et al., 1997; Chin et al.,
2000). After elongation and subsequent leftward jogging, the
zebrafish heart changes from being linear into an S-shape
(D-looping), whereby the future ventricle is ultimately placed
anterior and to the right of the future atrium (Chen et al., 1997;
Chin et al., 2000). The stronger left-sided (asymmetric) BMP4
expression in the heart predicts the (leftward) direction of
cardiac jogging (Chen et al., 1997). Signalling by BMP4 regu-
lates cardiac left–right asymmetry in frog and zebrafish
(Branford et al., 2000; Chen et al., 1997; Schilling et al.,
1999). Mutations in chordin (dino), alk8 (lost-a-fin), smad5
(piggytail) and bmp7 (snailhouse) modify the asymmetric
expression of BMP4 in the heart field and also result in defective
heart jogging (Chen et al., 1997). Moreover, overexpression of
BMP4 on the right, but not on the left, induces reversal of heart
looping (Branford et al., 2000; Chen et al., 1997; Schilling et al.,
1999), supporting the idea that enhanced one-sided BMP4
expression in the heart field determines its laterality.
Recently, it has been shown that temporally controlled
overexpression of noggin3 at the tailbud stage in zebrafish
induced bilateral expression of southpaw (spaw) in the LPM,
whereas overexpression of bmp2b at the same stage resulted in
no expression in either LPM (Chocron et al., 2007). This
suggested that BMP signalling is necessary during early
segmentation to repress spaw in the right LPM. Moreover,
specific morpholino knockdown of bmp4, but not bmp7 or
bmp2b in Kupfer's vesicle (KV) altered the expression of spaw
in the LPM and lefty1 in the notochord, identifying bmp4 in KV
as the likeliest regulator of LR patterning in zebrafish (Chocron
et al., 2007).
BMPs act through specific heteromeric type I/type II serine/
threonine kinase receptor complexes. Three distinct type II
receptors, BMPR2, Activin type IIA and IIB receptors (ActR2A
and ActR2B) have been shown to bind BMPs and activate type I
receptors within the complex (Liu et al., 1995; Rosenzweig etal., 1995; Yamashita et al., 1995). Type I receptors, termed
ALKs, act downstream of serine/threonine kinase type II
receptors and determine specificity within the receptor complex
(Carcamo et al., 1994). The activated BMP type I receptors
ALK1, ALK2, ALK3 and ALK6 phosphorylate downstream
target Smads 1/5/8 (Heldin et al., 1997; Massague and Wotton,
2000) which then bind to Smad4, migrate to the nucleus and
regulate transcription of target genes (Moustakas et al., 2001;
ten Dijke et al., 2003).
Despite the evidence that the BMP pathway is involved in
establishing LR asymmetry (reviewed in Kishigami and
Mishina, 2005), the specific role of BMP type II receptors
has not been elucidated. ActR2A and ActR2B mediate Activin
and Nodal signalling and mutations in either of these genes
cause laterality defects in mice (Chang et al., 2002; Hamada et
al., 2002; Sakuma et al., 2002). Mice lacking BMPR2 however,
arrest at the egg cylinder stage of development, prior to
gastrulation (Beppu et al., 2000), precluding the analysis of its
role in LR patterning. In zebrafish, orthologues of ActR2a and
ActR2b have been described (Garg et al., 1999; Nagaso et al.,
1999), although no evidence for disruption of LR asymmetry
has been reported.
To investigate the role of BMP type II receptors in LR
asymmetry in zebrafish, we probed the Ensembl Zebrafish
database and found two candidates very similar to mouse and
human BMPR2, termed bmpr2a and bmpr2b. Full length and
dominant-negative bmpr2a and bmpr2b modified BMP
signalling in vivo, demonstrating that they are bona fide
BMP type II receptors. Injection of antisense morpholinos
perturbed heart laterality concomitantly with laterality of the
gut. Moreover, knockdown of bmpr2a or bmpr2b altered the
asymmetric expression of pitx2 and spaw in the LPM and
lefty2 and bmp4 in the left heart field. Taken together, our
experiments suggested that BMP signalling through bmpr2a
and bmpr2b simultaneously regulates cardiac and visceral
asymmetry upstream of Nodal signalling at early segmenta-
tion. Strikingly, we found that it is mainly bmpr2b that is
required for lefty1 expression in the (left) heart field at late
segmentation whereas bmpr2a, but not bmpr2b, is pivotal for
normal midline expression of lefty1 at early segmentation.
Finally, in vitro studies suggested that bmpr2a binds more
efficiently to BMP2 and BMP4 than bmpr2b and that bmpr2b
is more efficient in transducing Smad-dependent BMP sig-
nalling. This differential requirement suggests that bmpr2a
and bmpr2b function non-redundantly and in concert to
regulate complementary aspects of LR patterning by BMP in
zebrafish. This represents a novel paradigm for signal output
regulation of the BMP pathway in determining vertebrate LR
asymmetry.
Materials and methods
Zebrafish maintenance and morphological scoring
Wild type zebrafish colonies were maintained using standard conditions for
zebrafish husbandry, as described (Westerfield, 1995). Embryos were obtained
by natural spawning of adult zebrafish and staged according to morphological
criteria (Kimmel et al., 1995). The degree of dorsalization of injected embryos
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(1997).
RACE and generation of full length and dominant-negative constructs
The zebrafish Ensembl database was probed with the mouse mRNA
sequence for BMPR2 (Accession number: U78048). Partial sequences similar to
the mouse sequence were found and produced by the Zebrafish Sequencing
Group at the Sanger Institute (UK). The SMART RACE cDNA amplification kit
(BD Biosciences) was used to obtain the full coding sequence, partial 5′ and 3′
UTRs of both genes from 52 hpf cDNA. Bmpr2a (NM_001039817) and
bmpr2b (NM_001039807) sequences are annotated (ENSDARG00000011941
for bmpr2a and ENSDARG00000020057 for bmpr2b) and can be obtained from
ftp://ftp.sanger.ac.uk/pub/zebrafish. Bmpr2a and bmpr2b were sequenced (see
Supplementary materials and methods) and full length cDNAs obtained by Long
Distance PCR on 52 hpf cDNAwith the Advantage 2 PCR kit (BD Biosciences),
using the following PCR conditions: 2 min denaturation at 94 °C, followed by
35 cycles of 94 °C, 15 s denaturation, 58 °C or 60 °C (temperatures for bmpr2a
and bmpr2b, respectively), 45 s annealing and 3 m extension at 72 °C. This
was followed by 10 m extension at 72 °C. The following primers were used
to amplify bmpr2a: 5′-ccaatcgatGGCAGTTGAAGGCCGAATAACAA-3′
(sense, ClaI extension) and 5′-cttgtctagaGACCTTTTTACAGAGTTAA-
CAAGGA-3′ (anti-sense, XbaI extension). To amplify the full length bmpr2b,
the following primers were used: 5′-ccaatcgatGAGAGTGCGGATCCTAA-
ACCGGA-3′ (sense, ClaI extension) and 5′-cgtctctagaCCAAAAACACGGC-
GATGCTGGACTT-3′ (antisense, XbaI extension). Dominant negative
constructs (Δic) were made which lacked the entire cytoplasmic moiety, using
5′-ccaatcgatGGCAGTTGAAGGCCGAATAACAA-3′ (sense, ClaI extension)
and gggtctagactaattaatcagaattcATACCCaAAAAAAAGCAGAATGACGAG
(anti-sense, with EcoRI and XbaI sites flanking stop codons in all three reading
frames) for bmpr2a-Δic and cttcatcgataccATGgGAGTGCGGATCCTAAACCG
(sense, including a Kozak consensus sequence — italic) and gggtctagactaattaat-
cagaattcATAGCCAAAGAACAGCGCGACAATA (anti-sense, with an EcoRI
and XbaI sites flanking stop codons in all three reading frames) for bmpr2b.
Extensions containing restriction sites are shown in small capitals and the
putative start codon is shown in bold. The truncated constructs encode two
predicted proteins of 177 and 180 amino acids (bmpr2a-Δic and bmpr2b-Δic,
respectively). All amplicons were digested with ClaI and XbaI, cloned into the
pCS2+ vector and sequenced. In order to generate in-frame C-terminal fusions
to GFP, the EGFP coding sequence was excised from pEGFP-N2 (BD
Biosciences) with EcoRI/XbaI and cloned into the bmpr2a-Δic and bmpr2b-Δic
constructs in pCS2+, generating bmpr2a-Δic∷GFP and bmpr2b-Δic∷GFP,
respectively. All constructs were confirmed by sequencing to ensure no muta-
tions had been introduced.
cDNA synthesis, RNA in situ hybridization and immunohistochemistry
Temporal expression of bmpr2a and bmpr2b was determined by RT-PCR on
zebrafish RNA isolated using Ultraspec (Biotecx) from pools of 50 embryos at
the stages indicated. 1 μg of total RNA was used to synthesize cDNAwith M-
MLV-RT (Superscript, Isogen). 1/20 of the cDNAwas used for PCR. RNA that
was not reverse-transcribed was used as control for genomic DNA. EF1α
(elongation factor-1α) was used as loading control (Supplementary materials
and methods). Samples were analyzed in 1.5% agarose gels.
In situ hybridization was performed essentially as described (Thisse et al.,
1993) using antisense RNA probes labelled with digoxigenin (Roche Bioche-
micals) for spaw (Long et al., 2003), lefty1, lefty2 (Bisgrove et al., 1999),
charon (Hashimoto et al., 2004), gata1 (Detrich et al., 1995), gata5 (Reiter
et al., 1999), pitx2 (Essner et al., 2000), bmp4 (Chen et al., 1997), cmlc2 (Yelon
et al., 1999), ntl (Schulte-Merker et al., 1994), foxa3 (Odenthal and Nusslein-
Volhard, 1998), pax2a (Pfeffer et al., 1998), myoD (Weinberg et al., 1996),
bmpr2a 3′UTR (digested with BamHI and transcribed with T7) and bmpr2b
5′UTR (digested with NotI and transcribed with Sp6). To investigate whether
cilia in KV were affected in bmpr2a or bmpr2b morphants, immunohisto-
chemistry with an antibody against α-acetylated tubulin (T6793, SIGMA)
was performed as described (Bisgrove et al., 2005). Images were taken with a
Zeiss LSM510 confocal microscope. Embryos were cleared in methanol andmounted in Murray's solution or alternatively mounted in 80% glycerol for
photography.
mRNA and in vitro transcription
mRNA injection into 1- to 2-cell stage embryos were carried out in 1×
Danieau buffer (1 nl per embryo; 58 mM NaCl, 0.7 mM KCl, 0.4 mM MgSO4,
0.6 mM Ca(NO3)2, 5 mM Hepes pH 7.6), at the concentrations specified in the
figures. Capped messenger RNAs were synthesized from NotI-digested
templates (bmpr2a and bmpr2b full length and dominant negative constructs).
tBR mRNA (a Xenopus dominant negative ALK3) was synthesized from a
XbaI-digested template (Graff et al., 1994) and Xbmp4 mRNA (Nishimatsu et
al., 1992) from an EcoRI-linearized template. All mRNAs were synthesized
with Sp6 RNA polymerase using the mMessage Machine in vitro transcription
Kit (Ambion).
In vivo reporter assays
To determine whether the BMP type II receptors mediated BMP signalling in
zebrafish embryos, the BRE-Luciferase reporter (25 ng/μl) was co-injected with
mRNAs encoding bmpr2a (400 ng/μl), bmpr2b (400 ng/μl), bmpr2a-Δic
(200 ng/μl), bmpr2b-Δic (200 ng/μl), tBR (200 ng/μl). A β-galactosidase
plasmid was co-injected (25 ng/μl) to normalize injection efficiency. Total
volume injected was approximately 1 nl per embryo. Injected embryos were
collected at 70% epiboly and separated into three pools of 3 embryos each for
assay in triplicate. Experiments were repeated at least three times. Embryos were
homogenized in 100 μl of lysis buffer (25 mM glycylglycin, 15 mM MgSO4,
4 mM EDTA, 1% Triton X-100, 1 mM DTT) and incubated on ice for 10 min,
followed by brief centrifugation. Fifty and ten microliters of the resulting
supernatant was used for luciferase and β-galactosidase activity assays, res-
pectively, as described (Monteiro et al., 2004).
Morpholino injections and specificity
Morpholino (MO) antisense oligonucleotides (Gene-tools, USA) were
injected at concentrations ranging from 0.1 to 0.5 mM (0.84 to 4.2 ng/nl) in 1×
Danieau buffer as indicated in the text. Typically, 1 nl of MO was injected per
embryo. In order to knock down bmpr2s specifically in KV, we injected MOs in
512-cell stage embryos, as described (Amack and Yost, 2004). The sequence of
the MOs (Gene-Tools, USA) were: bmpr2a MO1, 5′-CTCTCCTTTTTCT-
TCAAATACAGTA-3′, complementary to −32 to −8 bp; bmpr2a MO3,
5′-TGTTATTCGGCCTTCAACTGCCATG-3′, complementary to −1 to
+24 bp; bmpr2b MO1, 5′-CTGCTGCCGCTTCTGGATGGATTCA-3′, com-
plementary to −26 to −2 bp; bmpr2b MO3, 5′-CACTCTCATCCTGCTG-
CCGCTTCTG-3′, complementary to −16 to +9 bp. The standard control MO
(0.5 mM) from Gene-Tools was used when appropriate. Knockdown specificity
was shown by injection of mRNA encoding a fusion of the morpholino target
sequence with EGFP with or without the corresponding morpholino of interest
(Supplementary Fig. 3) and by co-injection of full-length mRNAs to rescue the
morphant phenotypes (Table 2). Unless otherwise stated, experiments were
performed using the morpholinos which have shown to be most effective
(bmpr2aMO3 and bmpr2bMO3 at 0.5 and 0.1 mM, respectively).
Cell culture, transient transfections and [125I]BMP binding assay
COS-7 and osteoblast progenitor cells were grown in Dulbecco's modified
Eagle's medium (DMEM, Gibco) with 10% foetal calf serum (FCS) and
penicillin–streptomycin (PS) at 5% CO2. The expression plasmid for human
ALK3 (HA-tagged) has been previously described (ten Dijke et al., 1994); a myc
epitope was added to the C-terminus of bmpr2a (bmpr2a-myc) for the binding
assays (details upon request). To investigate BMP responsiveness, bmpr2a and
bmpr2b constructs were co-transfected with the BRE-Luciferase reporter in the
presence or absence of BMP4 (50 ng/ml, R&D Systems). Cells were transfected
using lipofectamine according to manufacturer's instructions. Cell lysis,
luciferase and β-galactosidase assays were performed as described elsewhere
(Monteiro et al., 2004). Iodination of BMP2 or BMP4 (R&D Systems) was
performed according to the choramine T method and transfected cells were
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(Yamashita et al., 1995). In brief, cells were incubated on ice for 3 h with the
radioactive ligand. After incubation, cells were washed and crosslinking was
performed with 54 mM disuccinimidyl suberate (DSS) and 3 mM bis
(sulphosuccimidyl suberate (Bs3, Pierce) for 15 min. Cells were washed,
scraped and lysed. Lysates were incubated with the respective antisera overnight
and immune complexes were precipitated by adding proteinA Sepharose
(Amersham). Samples were washed, boiled in SDS sample buffer and subjected
to SDS-PAGE. Gels were dried and scanned with the STORM imaging system.Results
Identification of two putative zebrafish BMP type II receptors
In zebrafish, a Type II BMP receptor has not been reported to
date. Here, a Blast search in the Zebrafish Ensembl database
using the mouse cDNA sequence for BMPR2 identified two
contigs similar to the mouse sequence. Amplicons spanning the
kinase domain of these two putative BMP receptors were
sequenced and used for a reciprocal Blast search against the
NCBI database, which confirmed their similarity with the
mouse and human BMPR2 orthologues. The 5′ end sequences
containing the putative start codon were identified by 5′ RACE
(see Supplementary materials and methods). The zebrafish
BMP receptors are referred to as bmpr2a and bmpr2b. Bmpr2a
maps to linkage group 6 (LG6) and bmpr2b to LG9; synteny
analysis showed high conservation of the genes flanking the
chromosomal locations of bmpr2a and bmpr2b compared with
human and mouse BMPR2 (results not shown), suggesting that
these genes are the zebrafish bmpr2 orthologues.
We constructed a phylogenetic tree based on the full protein
sequences of BMPR2 orthologues (Fig. 1A). Bmpr2a encodes a
predicted protein of 1003 amino acids, while bmpr2b encodes aFig. 1. Phylogenetic analysis of two putative zebrafish BMP type II receptors (bmpr
zebrafish BMP type II receptors, bmpr2a and bmpr2b. Overall, bmpr2b is more
(50% identity). (B) The characteristic BMPR2 domains are conserved in the zebrafish
binding domain (ActRI/ActRII domain) while the kinase domain is more conserv
represent percentage identity of the predicted protein sequences with other BMP type
cbmpr2 — chick BMPR2, xbmpr2 — BMPR2, rbmpr2 — rat BMPR2, dbmpr2 —predicted protein of 1023 amino acids. Overall, bmpr2b is more
conserved compared to mouse or human BMPR2 (65% and
66%, respectively) than bmpr2a (50%), and there is only 51%
conservation between bmpr2a and bmpr2b. This suggests that
ancestral gene duplication took place and that the second copy
of the gene might have diverged to perform a subset or even
different functions than the original gene. However, the most
important domains are highly conserved (Fig. 1B), both
proteins containing the characteristic ActRI/ActRII (ligand
binding) domain, a single transmembrane domain, a kinase
domain, responsible for the phosphorylation of the type I
receptors and a carboxy-terminal tail of approximately 500
amino acids (Fig. 1B), typical of BMP type II receptors (Beppu
et al., 1997; Frisch and Wright, 1998). Furthermore, when
comparing different type II receptors (TGFβR2, ActivinR2 and
BMPR2), bmpr2a and bmpr2b cluster with their BMPR2
orthologues (Supplementary Fig. 1A). Bmpr2a and bmpr2b
share 51% identity in the ActRI/ActRII domain and 60%
identity with that of mouse BMPRII. All ActRI/ActRII domains
share a fully conserved cysteine box (CCC(4–5)CN). The
identity within the kinase domain varies from 75% (bmpr2a) to
90% (bmpr2b), including a conserved K at position 203 in the
mouse BMPR2 (Supplementary Fig. 1B). Importantly, mutation
of this K to R (K230R) abolishes the kinase activity of the type
II receptor (Hassel et al., 2003). The cytoplasmic tail is the less
conserved domain (Fig. 1B).
Expression of bmpr2a and bmpr2b
RT-PCR showed that both bmpr2a and bmpr2b were
expressed in 1-cell stage embryos and that this was maintained
at least up to 5 days (Fig. 2A and results not shown). Spatial2). (A) Phylogenetic tree based on the full length sequence of the two predicted
conserved (63% identity when compared to human BMPR2) than bmpr2a
orthologues. Both bmpr2a and bmpr2b show similar conservation of the ligand
ed in bmpr2b. The cytoplasmic tail is the less conserved domain. Numbers
II receptor orthologues (hbmpr2— human BMPR2, mbmpr2—mouse BMPR2,
fly BMPR2).
Fig. 2. Expression of bmpr2a and bmpr2b in zebrafish development. (A)
Analysis of bmpr2a and bmpr2b expression by RT-PCR. RNA for both
receptors was detected from 1-cell stage embryos to 52 hpf. (B–E) In situ
hybridization shows bmpr2a and bmpr2b are ubiquitously expressed at 30%
and 50% epiboly. At 12 somite-stage, bmpr2a is broadly expressed throughout
the embryo (F) whereas expression of bmpr2b is stronger in the most posterior
and anterior regions (H). At 23 somites, both genes show a diffuse expression in
the trunk and stronger staining in the head and tail regions (G, I). Bmpr2b is
further expressed in the proctodeum at this stage (I, black arrow). (J) Bmpr2a is
expressed in the head region, in the trunk vessels (dorsal aorta and cardinal vein)
and in the posterior intermediate cell mass (ICM) at 25 hpf. (K) Bmpr2b is
expressed in the head region and strongly in the posterior ICM and proctodeum
(black arrow) but weakly in the trunk vessels. At 36 hpf, expression of bmpr2a
(L) is restricted to the anterior region, including the heart (black arrowheads) and
to the posterior blood vessels and pronephros (see inset). (M) Bmpr2b shows
similar expression to bmpr2a, but it is not expressed in the dorsal aorta (see
inset). (B–E) are lateral views and (B′–E′) are top views. (G, I–M) Lateral view,
anterior to the left; (F,H) anterior to the top. Cv, cardinal vein, da, dorsal aorta, p,
pronephros.
Fig. 3. Injection of truncated bmpr2a and bmpr2b mRNA induce BMP loss-of-
function phenotypes. Morphological phenotypes were classified according to
Kishimoto and colleagues (Kishimoto et al., 1997). (A) Uninjected embryo at
tailbud stage. Embryos were injected with 100 ng/μl of bmpr2a-Δic (B, E, H) or
100 ng/μl of bmpr2b-Δic (C, F, I). Injection of bmpr2a-Δic (B) or bmpr2b-Δic
(C) induced an enlarged notochord at tailbud stage (red arrows). (D) Wild type
embryo at 24 hpf. (E) Example of C2–C4 dorsalized phenotypes after injection
of bmpr2a-Δic mRNA and (F) C2–C3 phenotypes after injection of bmpr2b-
Δic mRNA. (G) Wild type tail at 24 hpf. (H) Partial tail duplication in bmpr2a-
Δic-injected embryo. (I) Cloacal cysts appear frequently upon bmpr2a-Δic or
bmpr2b-Δic injection. Anterior is to the left (A–I). Quantification of the number
of embryos showing dorsalized phenotypes in each category (C1–C5) upon
injection of 50 and 100 ng/μl bmpr2a-Δic (J) or bmpr2b-Δic mRNA (K). n —
number of injected embryos at each concentration.
59R. Monteiro et al. / Developmental Biology 315 (2008) 55–71expression by in situ hybridization showed that the distribution
of bmpr2a and bmpr2b was essentially ubiquitous until the 12
somite stage (Figs. 2B–F, H). At this stage, bmpr2a expression
remained ubiquitous (Fig. 2F) while bmpr2b expression was
increased in the most anterior and posterior regions (Fig. 2H).
At the 23-somite stage, both genes were strongly expressed in
the most anterior region and in the tail region (Figs. 2G, I).
Bmpr2b however exhibited rather stronger expression in the
proctodeum (Fig. 2I, black arrow). From 25 hpf onwards,
bmpr2a was expressed in the head, dorsal aorta and cardinal
vein, pronephric duct and posterior intermediate cell mass
(ICM) (Fig. 2J). Bmpr2bwas strongly expressed in the posteriorpronephric duct, proctodeum and posterior ICM (Fig. 2K), with
a small domain also observed in the most posterior tail tissues
(Fig. 2K). At 36 hpf, bmpr2a was expressed along the posterior
dorsal aorta and cardinal vein and pronephric ducts (Fig. 2L, see
inset) with strong staining anteriorly, including in the head and
heart (Fig. 2L, arrowhead). Likewise, bmpr2b was expressed in
the head and heart regions, in the cardinal vein and posterior
pronephric duct but, by contrast, was absent in the dorsal aorta
(Fig. 2M, see inset). The maternal onset of expression of
bmpr2a and bmpr2b and the largely overlapping expression
patterns up to day 1 post-fertilization suggest that these two
genes may be necessary for early embryonic development and
could act either in concert or redundantly.
Dominant-negative bmpr2a or bmpr2b induce BMP
loss-of-function phenotypes in vivo
Truncation of the kinase domain of BMP type II receptors
blocks mesoderm induction by BMP4 and leads to formation of
Fig. 4. Overexpression of dominant negative bmpr2a and bmpr2b block BMP
signalling in vivo. Unless otherwise stated, bmpr2a-Δic and bmpr2b-Δic
mRNA were injected at 100 ng/μl. (A) Smad-dependent BMP signalling upon
overexpression of full length or truncated bmpr2a and bmpr2b mRNA in
embryos. Injection of 200 ng/μl of bmpr2a-Δic or bmpr2b-Δic mRNA
efficiently blocked endogenous BRE-Luciferase activity in embryos at 70%
epiboly. Injection of mRNA encoding tBR, a Xenopus dominant negative
ALK3, was injected as a control. (B–D) Gata1 expression at 12 somites in wild
type (B), bmpr2a-Δic (C) and bmpr2b-Δic (D) injected embryos. (E) At the 4-
somite stage, pax2 is expressed in the midbrain–hindbrain boundary (mhb), otic
placodes (ot) and pronephric (ventral) mesoderm (p), while myoD is expressed
in the presomitic (axial) mesoderm (m) in wild type embryos. Embryos injected
with bmpr2a-Δic (F) or bmpr2b-Δic (G) showed an expanded pax2 expression
in the mhb domain concomitant with a strong reduction of pax2 expression in
the otic placodes. (H) Expression of myoD in the somites of a wild type 14-
somite stage embryo (lateral view, anterior to the right). Overexpression of
bmpr2a-Δic (I) or bmpr2b-Δic (J) in 14-somite stage embryos. Note that the
myoD expression is ventrally expanded, surrounding the most posterior end of
the defective axis; the most anterior somites do not seem to be affected. RLU—
Relative Luciferase Units.
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Ishikawa et al., 1995). In zebrafish, overexpression of truncated
BMP type I receptors leads to dorsalization and posterior
truncations, reminiscent of Noggin overexpression (Neave et
al., 1997; Pyati et al., 2005). To determine whether dominant
negative forms of bmpr2a and bmpr2b affected the establish-
ment of dorsoventral polarity, RNA encoding truncated
receptors – termed bmpr2a-Δic and bmpr2b-Δic – was injected
into 1-cell stage embryos (Fig. 3) and the severity of the
phenotypes scored. At the tailbud stage, embryos injected with
either RNA showed an enlarged notochord compared to wild
type (Figs. 3A–C), reminiscent of the morphological defects in
swirl and snailhouse mutants (Kishimoto et al., 1997; Mullins
et al., 1996). In 30 hpf embryos, both truncated receptors caused
dorsalized phenotypes ranging from C1 (mild) to C4, C5
(severe) (Figs. 3D–I and results not shown). Cloaca defects
were often found in C1–C2 embryos (Fig. 3I), indicating that
sustained BMP signalling is necessary for correct cloaca
development, as shown previously (Pyati et al., 2006). The
frequency of the observed phenotypes was determined upon
injection of 50 and 100 pg of bmpr2a-Δic or bmpr2b-Δic
mRNA (Figs. 3J, K). Injection of 50 pg of bmpr2a-Δic mRNA
induced dorsalization in ∼40% of the injected embryos,
whereas 50 pg of bmpr2b-Δic induced dorsalization in only
∼25%. Approximately 80% of the embryos injected with
100 pg of bmpr2a-Δic showed dorsalization phenotypes
ranging from C1 to C5, mostly due to the increase in the
percentage of more severe (C2–C5) phenotypes (Fig. 3J), while
100 pg of bmpr2b-Δic induced dorsalization in 60% of
embryos, most remaining within the C1–C2 classes with only
a few C3 class phenotypes (Fig. 3K). Injection of 200–250 pg
of bmpr2a-Δic or bmpr2b-Δic increased the percentage of
embryos showing the most severe phenotypes (results not
shown). Therefore, both truncated bmpr2a and bmpr2b
mRNAs induced dose-dependent increases in the incidence
and severity of dorsalized phenotypes (Figs. 3J, K) but the effect
of bmpr2b-Δic was milder.
To investigate whether the effects of bmpr2a-Δic and
bmpr2b-Δic were due to reduced BMP signalling, we examined
Smad-dependent BMP activity using the reporter construct
BRE-Luciferase (Korchynskyi and ten Dijke, 2002) and marker
gene expression upon mRNA injection into 1-cell stage
embryos (Fig. 4). Co-injection of the BRE-Luciferase reporter
with RNA encoding bmpr2a-Δic or bmpr2b-Δic showed that
the levels of Smad-dependent BMP activity are drastically
reduced at 70% epiboly (Fig. 4A). Co-injection of a dominant
negative BMP type I receptor, tBR (Graff et al., 1994) resulted
in a similar reduction of BRE-Luciferase reporter activity (Fig.
4A). These data showed that bmpr2a-Δic and bmpr2b-Δic
block Smad-dependent BMP activity in vivo in the zebrafish
embryo.
Expression of gata1, a marker for primitive blood progeni-
tors (ventral mesoderm) (Detrich et al., 1995) was markedly
reduced anteriorly in 12-somite embryos injected with bmpr2a-
Δic or bmpr2b-Δic compared to the wild type (Figs. 4B–D).
Posteriorly, gata1 expression was expanded (Figs. 4B–D,
arrowheads). This phenocopied the effects of overexpressing adominant-negative BMP type I receptor under the control of a
heat-shock promoter (Pyati et al., 2005). Moreover, over-
expression of bmpr2a-Δic or bmpr2b-Δic increased the pax2
expression domain in the neurectoderm, concomitant with a
slight reduction in the pronephros expression domain at 4-
somite embryos (Figs. 4E–G). Pax2 expression was almost
completely lost in the otic placode. At the 14-somite stage,
expression of myoD in the most posterior somites was detected
not only on the dorsal side but around the axis in bmpr2a-Δic
and bmpr2b-Δic injected embryos, indicating dorsalization
(Figs. 4H–J). Indeed, blocking BMP signalling leads to lateral
expansion of dorsal mesoderm (e.g. somites), which results in
winding of the body axis (Hild et al., 2000). The defects
observed upon injection of bmpr2a-Δic or bmpr2b-Δic mRNA
are thus consistent with a reduction in the levels of Smad-
dependent BMP signalling. Conversely, increased Smad1/5/8
Fig. 5. Morpholino (MO) knockdown of bmpr2a and bmpr2b affect normal
cardiac jogging. (A) wild type embryo at 32 hpf. Knockdown phenotypes of
bmpr2a morphants after injection with bmpr2aMO1 (B) and bmpr2aMO3 (C)
and of bmpr2b morphants with bmpr2bMO1 (D) and bmpr2bMO3 (E). Gross
morphology analysis shows a slight A–P axis shortening and cardiac oedema in
bmpr2a and bmpr2b morphant embryos compared to wild type. The heart
position in morphant and wild type sibling embryos at 32 hpf was scored as left
jog (normal) (F), no jog (G) and right (reversed) jog (H). (I) Quantification of the
heart jog defects observed in embryos injected with bmpr2aMO1, bmpr2aMO3,
bmpr2bMO1 or bmpr2bMO3. Results are presented as the percentage of
embryos which show a correct (left jog) or incorrect (no jog or right jog) heart
jog after injection of the correspondent MO. The jog phenotypes were also
scored in wild type, non-injected siblings and in embryos injected with the
standard control MO. (J) Comparison of heart jog phenotypes induced by double
bmpr2a/bmpr2bMO3 (0.25 mM+0.05 mM) and single bmpr2aMO3 (0.25 mM)
and bmpr2bMO3 (0.05 mM) injection. Single MO injections marked (*) are
shown in panel I and J. Results are presented as the percentage of embryos
which show a correct (left jog) or incorrect (no jog or right jog) heart jog after
injection of the correspondent MO. The number (n) of injected embryos and the
morpholino concentrations used are indicated in the graph.
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upon injection of mRNA encoding the full length bmpr2a or
bmpr2b receptors (Supplementary Fig. 2). Taken together, these
results indicated that both bmpr2a and bmpr2b are functional
BMP type II receptors capable of mediating BMP signalling
in vivo.
Morpholino knockdown of bmpr2a and bmpr2b function
severely perturbs cardiac left–right asymmetry
To investigate separately the roles of bmpr2a and bmpr2b in
early development, antisense morpholino oligonucleotides
targeting different regions around the initiation codons of
each of these genes were injected into 1-cell embryos. Sur-
prisingly, injection of bmpr2aMO1, bmpr2aMO3 (targeting
bmpr2a), bmpr2bMO1 or bmpr2bMO3 (targeting bmpr2b) did
not result in obvious dorsoventral patterning defects compared
to non-injected siblings (Fig. 5). However, bmpr2a and
bmpr2b morphants did show mild cardiac oedema (Figs. 5B–
E) and defective cardiac jogging (Figs. 5F–H). The direction of
heart jogging was scored in live embryos between 30 and
32 hpf as left (normal) jog (Fig. 5F), reduced/no jog (Fig. 5G)
and right jog (Fig. 5H). Injection of a non-specific control
morpholino showed jog defects in 8.8% (n=91) of the
embryos, slightly above the 5.8% (n=156) spontaneous jog
defect frequency in wild type embryos (Fig. 5I). Quantification
of the effects of bmpr2a morpholino knockdown showed that
the bmpr2aMO1 (0.5 mM) induced a total of 18% (n=117) of
embryos with defective jogging whilst 30% (n=177) of
embryos showed jogging defects after injection of 0.5 mM of
bmpr2aMO3 (Fig. 5I). Dose-dependent decreases in jogging
defects were observed when lower concentrations were in-
jected. Knocking down bmpr2b with bmpr2bMO1 (0.15 mM)
induced defective jogging in 28% (n=138) of the injected
embryos, whereas bmpr2bMO3 (0.1 mM) showed higher
knockdown efficiency; approximately 50% (n=167) of the
injected embryos showed no jog or right jog at 30 hpf (Fig. 5I).
Again the frequency of jogging defects decreased with de-
creasing concentrations of injected morpholino (Fig. 5I). These
results indicated that heart laterality was perturbed in a dose-
dependent manner in bmpr2a and bmpr2b morphants and
suggested that bmpr2a and bmpr2b are required for the same
process but are not redundant.
Since bmpr2a and bmpr2b both induce defective heart
jogging at 32 hpf, we asked whether the double bmpr2a/bmpr2b
knockdown, using lower morpholino concentrations, would
induce a more severe laterality phenotype than either single
knockdown (Fig. 5J). Surprisingly, scoring heart jog in live
embryos showed that simultaneous knockdown of bmpr2a and
bmpr2b (0.25+0.05 mM, respectively) resulted in only 23.7%
(n=261) misplaced hearts, comparable with 20.8% (n=101) in
bmpr2a (0.25 mM) knockdown alone. Bmpr2b (0.05 mM)
single knockdown embryos showed 30.8% (n=94) misplaced
hearts (Fig. 5I). Thus, although they show the same phenotypes
as single morphants, knocking down bmpr2a and bmpr2b
simultaneously did not increase the frequency of heart laterality
defects.To address the specificity of the morpholinos targeting
bmpr2a (bmpr2aMO1 and bmpr2aMO3) and bmpr2b
(bmpr2bMO1 and bmpr2bMO3), we tested their ability to
block translation of an mRNA fusion between the morpholino
Fig. 6. LR asymmetry of the heart and viscerae is perturbed in bmpr2a and
bmpr2b morpholino-knockdown embryos. Analysis of cmlc2 expression at
32 hpf (A–G) and 48 hpf (H–N) in bmpr2aMO3 and bmpr2bMO3-injected
embryos. (A) Wild type embryos show normal left-sided heart jog. Morpholino
knockdown of bmpr2a (B, C) or bmpr2b (E–G) causes the heart to jog to the
left, the right or stay at the midline. At 48 hpf, the linear heart tube has looped to
the right (D-loop) and changed into an S-shaped tube (H). bmpr2a morphants
show normal (I), no/reduced (J) or reversed looping (K). Similar results were
found upon bmpr2b knockdown by bmpr2bMO3 (L–N). Comparison of foxa3
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observed only upon co-injection with the relevant morpholino
(Supplementary Fig. 3). Moreover, co-injection of bmpr2a or
bmpr2b mRNAs rescued the heart laterality phenotype of the
bmpr2aMO3 and bmpr2bMO3 morphants, respectively (Table
1). Interestingly, co-injection of bmpr2a mRNA with
bmpr2bMO3 (0.1 mM) or of bmpr2b mRNAwith bmpr2aMO3
(0.5 mM) showed (partial) rescue of the heart laterality
phenotype (Table 1), suggesting that bmpr2a and bmpr2b are
both bona fide BMP receptors in vivo.
Heart and gut chiralities are perturbed in bmpr2a and bmpr2b
morphants
To confirm the heart laterality phenotypes observed in
bmpr2a and bmpr2b morphant embryos, we examined the
expression of cmlc2 (Yelon et al., 1999) in bmpr2aMO3- and
bmpr2bMO3-injected embryos at 32 hpf (Fig. 6). As expected,
expression of cmlc2 in bmpr2a morphant embryos confirmed
jogging phenotypes: left (normal) jog (Fig. 6B), no/reduced jog
(Fig. 6C) and reversed (right) jog (Fig. 6D) at 32 hpf. Similar
results were observed in bmpr2b morphants (Figs. 6E–G). In
mutants with altered BMP signalling, not only was the direction
of heart jogging affected but also the direction of looping (Chen
et al., 1997). Accordingly, cmlc2 expression at 48 hpf showed
severe defects in heart looping in bmpr2a (Figs. 6I–K) and
bmpr2b (Figs. 6L–N) morphants, which displayed reduced/
no- or reversed looping, not observed in wild type embryos
(Fig. 6H, Table 2). To determine whether the defects in left–
right asymmetry were heart-specific, we examined foxa3
expression in the visceral organs (Odenthal and Nusslein-
Volhard, 1998). At 48 hpf, the liver and gut are left of the
midline, whereas the pancreas buds out from the left towards the
midline (Fig. 6O). Injection of bmpr2aMO3 (Figs. 6P–R) or
bmpr2bMO3 (Figs. 6S–U) induced left-sided, reduced or
reversed positioning of these organs at 48 hpf.
To confirm the heart laterality defects in double bmpr2a/
bmpr2b morphants, we again examined the expression of cmlc2
at 32 and 48 hpf and found phenotypes identical to the single
bmpr2 morphants (Supplementary Fig. 4). Concomitantly with
the heart defects, the viscerae in bmpr2a/bmpr2b morphants
appeared to the left, to the right or at the midline (Supplemen-Table 1
Rescue of heart laterality defects by full-length bmpr2a and bmpr2b mRNAs
mRNA Concentration
(pg/nl)









– – – 156 94.2 5.8 0.0 5.8
– – bmpr2a MO3 177 69.5 22.0 8.5 30.5
bmpr2a FL 100 bmpr2a MO3 127 89.8 7.1 3.1 10.2
bmpr2b FL 125 bmpr2a MO3 157 84.7 9.6 5.7 15.3
– – bmpr2b MO3 167 51.5 26.9 21.6 48.5
bmpr2b FL 125 bmpr2b MO3 91 82.4 7.7 9.9 17.6
bmpr2a FL 100 bmpr2b MO3 157 75.8 12.7 11.5 23.2
n— number of embryos injected; bmpr2a and bmpr2b morpholinos (MOs) were
injected at 0.5 and 0.1 mM, respectively.
expression between wild type (O) and bmpr2a (P–R) or bmpr2b (S–U)
morphants at 48 hpf showed that the direction of gut looping is also affected in
these embryos. (A–G, O–U) Dorsal view, anterior to the top. (H–N) Frontal
view, anterior to the top.tary Fig. 4) in contrast to normal positioning of the viscerae in
the controls. Thus, signalling through bmpr2a and bmpr2b is
required for the establishment of left–right asymmetry of the
heart and visceral organs.
Cardiac and visceral situs are coupled in bmpr2a and bmpr2b
morphants
To investigate whether the abnormal positioning of the heart
and gut were linked, we examined foxa3 expression at 48 hpf in
Table 2
Heart looping defects in morphant embryos at 48 hpf as shown by cmlc2
expression
n Looping direction (%)
Normal Reduced/no Reversed
wt 31 93.5 6.5 0.0
bmpr2a MO3 23 52.2 34.8 13.0
bmpr2b MO3 25 44.0 52.0 4.0
bmpr2a+bmpr2b MO3 29 55.2 37.9 6.9
n— number of embryos injected; bmpr2a and bmpr2b morpholinos (MOs) were
injected at 0.5 and 0.1 mM for single and 0.25 mM and 0.05 mM for double
injections, respectively.
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split into cohorts at 32 hpf based on their heart jog (Table 3).
The majority of the single and double morphants analysed
showed high correlation between (leftward) heart jog and
normal position of the viscerae (85–88.4%). In both single and
double morphants the position of the viscerae was essentially
randomized when the heart was placed at the midline at 32 hpf.
Notably, the bmpr2a morphants showed a poor correlation
(33%) while bmpr2b or bmpr2a/bmpr2b morphants showed a
good correlation between rightward displacement of the heart at
32 hpf and position of the viscerae to the right of the midline
(∼75%). To assess the initial positioning of the gut with an
additional marker, we examined gata5 (Reiter et al., 1999)
expression in the heart and gut at 32 hpf. Comparison of gata5Table 3
Correlation (expressed in percentage) between heart and visceral laterality by analys
Gene Morpholino Jog n a
foxa3 Wt L 43
bmpr2a MO3 L 20
N 18
R 3
bmpr2b MO3 L 43
N 23
R 21




gata5 Wt L 27
bmpr2a MO3 L 42
N 3
R 4
bmpr2b MO3 L 25
N 9
R 18
bmpr2a+bmpr2b MO3 L 30
N 2
R 6
Total n — number of embryos injected; bmpr2a and bmpr2b morpholinos (MOs) we
injections, respectively.
For the analysis with foxa3, embryos were split in cohorts at 32 hpf according to he
a Number of embryos scored live at 32 hpf with left, no/reduced or right jog afteexpression between uninjected and morphant embryos showed
the heart position correlated (72.3–100%) with initial gut
position in bmpr2a-, bmpr2b- and double bmpr2a/bmpr2b
morphants (Table 3, Supplementary Fig. 5). Thus, although the
initial gut sidedness correlated with heart sidedness with respect
to the midline, lack of a robust LR asymmetric cue (i.e. heart at
the midline) at 32 hpf induced randomization of gut position by
48 hpf. Taken together, these results suggested that bmpr2a and
bmpr2b regulate an early cue which simultaneously establishes
cardiac and visceral left–right asymmetry and are probably
required at later stages to maintain a correct LR patterning.
Bmpr2a and bmpr2b regulate asymmetric expression of the
left-specific genes spaw and pitx2 in the lateral plate mesoderm
and lefty1, lefty2 and bmp4 in the heart field
To determine the nature of the LR asymmetry defects
induced by loss of bmpr2a and bmpr2b, we examined the
expression of the laterality markers lefty2, lefty1, spaw and
pitx2 in morphant embryos (Fig. 7). Lefty1 and lefty2 are
normally present in the left heart field at 22–25-somite stage,
largely overlapping with cyclops and bmp4 (Bisgrove et al.,
1999). At the 25-somite stage, embryos injected with single
bmpr2a, bmpr2b or double bmpr2a/2b MO3 morpholinos were
examined for lefty2 expression (Figs. 7B–E, Table 4). About
half (44.4%, n=45) of the bmpr2aMO3-injected embryos
showed normal left-sided lefty2, but in the remaining embryosis of foxa3 expression at 48 hpf and gata5 expression at 32 hpf
Gut position at 48 hpf (%)
Left (normal) No/reduced Reversed Total n
95.3 4.7 0.0 43
85.0 15.0 0.0 41
61.1 22.2 16.7
66.7 0.0 33.3
88.4 11.6 0.0 87
47.8 30.4 21.7
0.0 23.8 76.2
87.5 12.5 0.0 52
62.5 12.5 25.0
25.0 0.0 75.0
Gut position at 32 hpf (%)
Left (normal) No/reduced Reversed Total n
88.9 11.1 0.0 27
76.2 23.8 0.0 49
0.0 100.0 0.0
0.0 0.0 100.0
88.0 12.0 0.0 52
0.0 100.0 0.0
0.0 27.8 72.2
93.3 6.7 0.0 38
50.0 0.0 50.0
0.0 16.7 83.3
re injected at 0.5 and 0.1 mM for single and 0.25 mM and 0.05 mM for double
art jog and grown to 48 hpf.
r MO injection.
Fig. 7. Bmpr2a and bmpr2b regulate asymmetric expression of the left-specific genes lefty2, lefty1, spaw and pitx2 in the lateral plate mesoderm (LPM) and of bmp4
in the left heart field. (A) lefty2 is expressed at the 25-somite stage in the left heart field in wild type embryos. (B–E) Expression of lefty2 in bmpr2aMO3-,
bmpr2bMO3- or bmpr2a/bmpr2bMO3-injected embryos (representative pictures, see Table 4). (F) lefty1 is expressed in the posterior notochord and left heart field at
22 somites. Bmpr2a-, bmpr2b- and double bmpr2a/bmpr2b morphants show normal (G), absent (H), bilateral (I) or right-sided (J) lefty1 expression in the heart field.
(K) At 14–16 somites, spaw is expressed in the left LPM (arrowheads) while ntl expression marks the midline. (L–O) MO-induced knockdown of bmpr2a, bmpr2b or
bmpr2a/bmpr2b (see Table 4) resulted in left (L), absent (M), bilateral (N) or rightward (O) spaw expression in the LPM. (P) In wild type embryos pitx2 is expressed in
the left LPM. Bmpr2a, bmpr2b or bmpr2a/bmpr2bmorphants display left-sided (Q), absent (R), bilateral (S) or reversed (T) pitx2 expression (arrowheads). (U) At 22
somites, bmp4 expression is higher in the left heart field. Bmpr2a, bmpr2b or bmpr2a/bmpr2b morphants display normal (V), symmetric (W) or reversed asymmetric
bmp4 expression (X). (A–X) Dorsal view, anterior to the top. L, left, A, absent, B, bilateral, R, right.
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bution (Table 4). In bmpr2b morphants, most of the abnormal
lefty2 expression was on the right side (32.4%, n=74) whereas
in the double bmpr2a/bmpr2b morphants 50% (n=34) of the
embryos showed complete absence of lefty2 and only 10%
showed bilaterality (Table 4).
Analysis of lefty1 expression at 22 somite-stage (Figs. 7F–J)
revealed that only 42.2% (n=45) of the bmpr2b morphants
expressed lefty1 in the heart field (Fig. 7G, Table 4), while in the
remaining morphants 8.9% showed bilateral (Fig. 7I) and 11.1%right-sided lefty1 expression (Fig. 7J); in 32.8% lefty1 was
absent from the heart field. Knocking down both receptors
enhanced this phenotype further, with lefty1 expression absent
in 52.8% (n=53) of the bmpr2a/bmpr2b morphants (Fig. 7H,
Table 4). Strikingly, knocking down bmpr2a alone had little
effect on lefty1 expression in the heart field: 87% (n=46) of the
morphants showed normal left-sided expression of lefty1.
Interestingly, circa 30% of single or double bmpr2 morphants
showed the absence of lefty1 in the posterior notochord. These
results suggested that bmpr2a and bmpr2b are differentially
Table 4
Analysis of lefty2 (24/25 somites), lefty1 (22 somites), southpaw (spaw; 14–16
somites), pitx2 and bmp4 (22 somites) expression in the lateral plate mesoderm
(LPM) of bmpr2a-, bmpr2b- and bmpr2a/bmpr2b morphants
Gene Morpholino n Lateral plate expression (%)
Left Absent Bilateral Right
lefty2 Wt 35 100.0 0.0 0.0 0.0
bmpr2a MO3 45 44.4 28.9 26.7 0.0
bmpr2b MO3 74 45.9 6.8 14.9 32.4
bmpr2a+bmpr2b MO3 30 40.0 50.0 10.0 0.0
lefty1 Wt 51 100.0 0.0 0.0 0.0
bmpr2a MO3 46 87.0 13.0 0.0 0.0
bmpr2b MO3 45 42.2 37.8 8.9 11.1
bmpr2a+bmpr2b MO3 53 35.8 52.8 1.9 9.4
spaw Wt 61 96.7 1.6 0.0 1.6
bmpr2a MO3 34 50.0 32.4 14.7 2.9
bmpr2b MO3 58 48.3 22.4 19.0 10.3
bmpr2a+bmpr2b MO3 46 32.6 45.7 10.9 10.9
pitx2 Wt 28 96.4 0.0 3.6 0.0
bmpr2a MO3 55 47.3 38.2 7.3 7.3
bmpr2b MO3 57 45.6 17.5 12.3 24.6
bmpr2a+bmpr2b MO3 41 63.4 14.6 7.3 14.6
bmp4 Wt 23 87.0 n/a 8.7 4.3
bmpr2a MO3 36 47.2 n/a 27.8 25.0
bmpr2b MO3 19 57.9 n/a 15.8 26.3
bmpr2a+bmpr2b MO3 16 50.0 n/a 31.3 18.8
n— number of embryos injected; bmpr2a and bmpr2b morpholinos (MOs) were
injected at 0.5 and 0.1 mM for single and 0.25 mM and 0.05 mM for double
injections, respectively. n/a — not applicable.
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major receptor involved in inducing lefty1 in the heart field.
Spaw is the earliest asymmetrically expressed gene in the
(left) LPM (Long et al., 2003). We therefore examined spaw
expression in 14–18-somite stage embryos after knocking down
bmpr2a and bmpr2b (Figs. 7L–O, Table 4). Half of the bmpr2a
morphants (50%, n=34), comparable to bmpr2b morphants
(48.3%, n=58), showed left-sided LPM spaw expression
(Table 4), while the remaining half of the bmpr2 morphants
showed absent, bilateral or right-sided spaw expression in the
LPM (Table 4). Interestingly, expression in the LPM in double
morphants was frequently absent (45.7%, n=46), suggesting
that both bmpr2a/bmpr2b are necessary for normal spaw
expression in the left LPM. In the remaining embryos
expression was distributed between the left (32.6%) and right
sides (10.9%) or bilaterally (10.9%) in the LPM (Table 4). In
situ hybridization showed normal ntl (Schulte-Merker et al.,
1994) expression in the midline of MO-injected embryos (single
or double morphants), indicating that its function as a physical
barrier to left-sided signals was not affected (Figs. 7K–O and
results not shown). Taken together, these results suggested that
BMP signalling through bmpr2a and bmpr2b mediate initiation
or maintenance of spaw expression in the left LPM and possibly
its inhibition in the right LPM.
Morpholino knockdown of spaw abrogates pitx2 expression,
indicating that spaw regulates pitx2 in the left LPM (Long et al.,
2003). Therefore, we examined pitx2 expression in the LPM of
bmpr2 morphants (Figs. 7Q–T, Table 4). Left-sided pitx2
expression was severely disrupted in morpholino-knockdown
embryos: only 47.3% (n=55) of bmpr2aMO3-, 45.6% (n=57)of bmpr2bMO3- and 63.4% (n=41) of bmpr2a/bmpr2bMO3-
injected embryos showed normal left-sided pitx2 expression
(Table 4). Absence of pitx2 in the LPM correlates with absence
of spaw expression in bmpr2 morphants. However, bilateral or
right-sided pitx2 expression does not, particularly in bmpr2b
morphants (Table 4). This suggests that bmpr2a and bmpr2b can
regulate pitx2 expression directly but also indirectly by
regulating spaw in the LPM.
Recently, we have shown that knocking down spaw
abolished the asymmetric bmp4 expression in the heart field
(Chocron et al., 2007). Since bmpr2a or bmpr2b MO-mediated
knockdown affected spaw expression, we predicted that
knocking down these receptors would also affect the asym-
metric bmp4 expression in the heart field. Indeed, we found that
the enhanced left-sided bmp4 expression in wild type embryos
(Fig. 7U) was severely disrupted in the heart field of single or
double bmpr2a/bmpr2b morphants at the 22 somite-stage (Figs.
7V–X, Table 4).
Bmpr2a, but not bmpr2b, is required for lefty1 expression in
the posterior notochord at early segmentation
Our results indicated that bmpr2a and bmpr2b are required for
establishing LR asymmetry upstream of spaw. Therefore, we
asked whether bmpr2 morphants affected morphogenesis of KV
(Fig. 8), the organ which initiates LR asymmetry (Essner et al.,
2005). Immunolocalization of α-acetylated tubulin (Amack and
Yost, 2004) at 10-somite stage, despite some variation, showed
no significant differences in cilia/KV morphology between wild
type (Fig. 8A) and single or double bmpr2a/bmpr2b morphants
(Figs. 8B–D). Similarly, perinodal expression of the nodal
antagonist charon at 10-somite stage (Figs. 8E–H) or spaw at
12-somite stage (Figs. 8I–L) was not affected in bmpr2a,
bmpr2b or bmpr2a/bmpr2b morphants. Moreover, single or
double knockdown of bmpr2a or bmpr2b targeted to the KV had
little effect on cardiac laterality (Supplementary Table 5).
We have recently shown that KV-expressed bmp4 is
necessary for lefty1 expression in the posterior notochord at
early segmentation (Chocron et al., 2007). To assess the
possibility that bmpr2a or bmpr2b mediate BMP4 signalling
from KV, we examined lefty1 expression at 10 somites (Fig.
8M), before the onset of asymmetric spaw in the LPM. The
majority of bmpr2b morphants (81.8%, n=44) showed normal
lefty1 expression, comparable to wild type embryos (86.5%,
n=37). Strikingly, lefty1 was reduced/absent in 76.7% (n=43)
of the bmpr2amorphants (Fig. 8M). A small additive effect was
observed in double bmpr2a/bmpr2b morphants, where lefty1 is
reduced/absent in 83.7% (n=49) of the embryos. Taken
together, these experiments suggest that mainly bmpr2a, but
not bmpr2b, mediate activation of lefty1 in the posterior
notochord by BMP4 emanating from the KV.
Bmpr2a and bmpr2b show different binding affinities and
signalling transduction properties upon BMP stimulation
The striking effects on lefty1 expression suggested that
bmpr2a and bmpr2b were likely to bind bmp4 with different
Fig. 8. Analysis of cilia integrity in KVand of gene expression of charon, spaw and lefty1 at 10-somite stage in bmpr2 morphants. Anti α-acetylated tubulin staining
of KV cilia in wild type (A), bmpr2a (B), bmpr2b (C) and bmpr2a/bmpr2b morphants (D) at 10 somites. (E) Perinodal expression of charon in wild type embryos.
Expression was unchanged in bmpr2a (F), bmpr2b (G) or bmpr2a/bmpr2b morphants (H). Perinodal spaw expression at 12 somites showed no differences between
wild type (I) and bmpr2a (J), bmpr2b (K) or bmpr2a/bmpr2b morphants (L). (M) Analysis of lefty1 expression at 10 somites in the posterior notochord of bmpr2
morphants. (A–D) Scalebar 50 μm. (E–H, M) Dorsal view, posterior to the top. (I–L) Dorsal view, anterior to the top.
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BMP type II receptors (Fig. 9). We transfected COS-7 cells with
expression constructs for bmpr2a-myc, bmpr2b-Δic∷GFP or
ALK3 or combinations of bmpr2a-myc+ALK3 or bmpr2b-
Δic∷GFP+ALK3. Transfected cells were affinity-labelled with
[125I]-BMP2 and then ligand-receptor complexes were chemi-
cally crosslinked and subsequently immunoprecipitated with
ALK3 or myc antisera. Whereas ALK3 alone is capable of
binding BMP2, bmpr2a alone does not bind BMP2 (Fig. 9A).
Co-immunoprecipitation of [125I]-BMP2 with bmpr2a is
observed only upon cotransfection with ALK3, indicating
heteromeric complex formation between the type I and type II
receptors. Interestingly, we could not detect binding of [125I]-BMP2 to bmpr2b-Δic∷GFP either in the presence or absence of
ALK3 (Fig. 9A), suggesting that the ligand binding domain of
bmpr2a has a higher affinity for BMP2 than bmpr2b. Similar
results were obtained for [125I]-BMP4 (results not shown).
Western blot against myc, HA and GFP epitopes showed the
constructs were correctly expressed in vitro (Fig. 9B). To
investigate the signal transduction capabilities of bmpr2a and
bmpr2b, we transfected them in osteoblast progenitor cells
alone or in combination with the BRE-Luciferase reporter
(Korchynskyi and ten Dijke, 2002), which specifically responds
to Smad-dependent BMP signalling (Fig. 9C). Overexpression
of bmpr2a showed a slight decrease on basal reporter activity as
compared to the control. Stimulation by BMP4 induced a 2-fold
Fig. 9. Bmpr2a and bmpr2b show different binding and Smad-dependent
signalling transduction properties in vitro. (A) Co-immunoprecipitation of
radioactive BMP2 ([125I]-BMP2) with overexpressed bmpr2a-myc, bmpr2b-
Δic∷GFP and ALK3-HA in COS-7 cells. In the absence of ALK3, no binding
of bmpr2a or bmpr2b to [125I]-BMP2 was detected. Bmpr2a but not bmpr2b co-
immunoprecipitates with [125I]-BMP2 in the presence of ALK3-HA. (B) Direct
western blot on cell extracts used for co-immunoprecipitation with antibodies
against myc (bmpr2a), GFP (bmpr2b-Δic) and HA (ALK3) shows correct
expression of the bmpr2a-myc, bmpr2b-Δic∷GFP and ALK3-HA constructs.
(C) Transient transfection of bmpr2a, bmpr2b and bmpr2a+bmpr2b with or
without BMP4 (50 ng/ml) in osteoblast progenitor cells. RLU, Relative
Luciferase Units. These experiments have been repeated at least twice.
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comparable to the unstimulated control. By contrast, over-
expression of bmpr2b alone induced a ∼5-fold induction of
BRE-Luciferase reporter activity, comparable to stimulation by
BMP4 in the controls. Here, stimulation by BMP4 showed nofurther effect (Fig. 9C). Combined overexpression of bmpr2a
and bmpr2b alone showed a 3-fold increase in reporter activity
while addition of BMP4 induced a further increase in reporter
activity (∼5-fold induction). Similar results were obtained in
COS-7 cells (results not shown). Taken together, these results
suggested that although bmpr2a binds to BMP2 with higher
affinity, it is less efficient than bmpr2b in transducing Smad-
dependent BMP signalling.
Discussion
We have identified bmpr2a and bmpr2b, two genes encoding
zebrafish orthologues of the type II receptor for BMPs and
shown that these receptors are required for the establishment of
proper left–right asymmetry in zebrafish. Surprisingly, no gross
defects on dorso-ventral patterning were detected upon
morpholino injection, suggesting that maternally derived
bmpr2a or bmpr2b proteins or even maternally expressed
ActR2a or ActR2b mRNA (Albertson et al., 2005; Nagaso et al.,
1999) or proteins are sufficient for the embryos to undergo
normal dorso-ventral patterning. Analysis of the bmpr2a or
bmpr2b knockdown phenotype showed abnormal leftward
displacement (jogging) of the heart and position of the viscerae.
To our knowledge, this is the fist report describing two
functional BMP type II receptors in any given species.
In zebrafish, the Nodal-related spaw is the earliest known
asymmetrically expressed gene. Spaw imparts laterality infor-
mation into the left LPM by regulating left-specific genes such
as lefty1, lefty2, pitx2 and cyclops (Long et al., 2003). Our data
place BMP signalling upstream of Nodal signalling and
probably in parallel to Charon, a nodal antagonist (Hashimoto
et al., 2004), in determining early LR asymmetry. Knocking
down bmpr2a or bmpr2b alone or in combination mostly
abrogated left-sided expression of spaw, suggesting these
receptors are necessary for its left LPM but not its perinodal
expression. Neither charon, expressed perinodally, nor the
overall KV morphology were significantly affected by bmpr2a
or bmpr2b knockdown. By contrast, experiments using heat-
shock induced noggin3 or bmp2b expression at tailbud stage
suggested that BMP signalling is necessary at early segmenta-
tion to repress spaw in the right LPM. The repression
mechanism involves upregulation of lefty1 expression in the
posterior notochord by Bmp4 emanating from KV, which in
turn inhibits spaw in the right LPM (Chocron et al., 2007).
Strikingly, we found that bmpr2a possessed a higher affinity for
Bmp4 and was required at early segmentation for lefty1
expression in the posterior notochord, indicating that bmpr2a
preferentially mediates Bmp4 signalling emanating from KV.
On the other hand, primarily bmpr2b but also bmpr2b/bmpr2a
heteromers are more important for induction of spaw expression
in the left LPM. Which of the BMPs signal through bmpr2a/
bmpr2b receptors in the left LPM is not known. KV-expressed
Bmp2b and Bmp7 have no effect on LR asymmetry, while
Bmp4 is mainly important in mediating repression of right-
sided spaw expression in the LPM (Chocron et al., 2007).
However, since either swirl or snailhouse mutants show heart
laterality defects (Chen et al., 1997), we cannot exclude that
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activation of spaw in the left LPM.
Coordination of cardiac and visceral asymmetry
Perturbation of LR patterning in development gives rise to
severe laterality disorders such as situs inversus totalis, situs
inversus and heterotaxia (Levin, 2005 and references therein).
Hence, coordinated regulation of asymmetric cues is essential
for generation and maintenance of correct LR patterning.
However, several zebrafish loss-of-function mutants display
uncoordinated heart and gut chiralites (Chin et al., 2000).
Misexpression of Bmp4 on the right side causes heart reversal
but has no effect in visceral sidedness, which suggests that
cardiac and visceral sidedness are established independently
(Schilling et al., 1999). In contrast, our loss-of-function
experiments showed that in most cases the initial gut position
correlated with that of the heart, suggesting that bmpr2a and
bmpr2b simultaneously regulate cardiac and visceral LR
patterning. Indeed, overexpression of noggin under the control
of a heat-shock promoter at the tailbud stage showed defects in
both heart jogging and gut looping (Chocron et al., 2007). This
suggested a role for BMP signalling in concurrent regulation of
cardiac and visceral asymmetry at early segmentation. Con-
sistent with this role, we found that spaw expression in the LPM
at early segmentation was altered in single or double bmpr2
morphants. However, morphant embryos with the heart at the
midline by 32 hpf showed randomized gut sidedness (Table 3),
suggesting that input from the BMP signalling pathway is
necessary after the initial LR patterning to maintain concomitant
regulation of cardiac and visceral asymmetry. Indeed, over-
expression of noggin3 after the initial establishment of LR
polarity modifies the signalling input and alters cardiac
laterality independently of visceral laterality (Chocron et al.,
2007). Since we could not control the timing of the morpholino
knockdown of bmpr2a or bmpr2b, our experiments did not
allow us to address whether there was an independent require-
ment for these receptors at late segmentation. However, our
results support the hypothesis that bmpr2a and bmpr2b are
required at early segmentation as BMP receptors for the
establishment of general (cardiac and visceral) LR asymmetry
and again at late segmentation, where they probably mediate
Bmp4 signalling to specify the left-sided positioning of the
heart. Thus, knocking down the BMP receptors interferes with
the subsequent downstream signalling and alters the (asym-
metric) target gene expression elicited by BMPs, ultimately
leading to abnormal LR patterning of the heart and viscerae.
Bmpr2a and bmpr2b indirectly regulate bmp4 expression
downstream of Nodal signalling
Several lines of evidence suggest that BMPs regulate the
heart positional information with respect to the midline.
Zebrafish mutants with perturbed asymmetry of the Bmp4
expression pattern in the primitive heart show randomization or
inversion of cardiac jogging (Chen et al., 1997). The zebrafish
mutant for the BMP type I receptor alk8, lost-a-fin (laf), showsno cardiac jogging (Chen et al., 1997; Chocron et al., 2007). In
agreement with this, we found the expression of the downstream
targets lefty1, lefty2, pitx2 and spaw in the LPM was affected in
bmpr2 morphants. Interestingly, spaw morphants lose asym-
metric bmp4 expression in the heart field (Chocron et al., 2007).
Since single or double bmpr2 morpholino knockdown abol-
ished or reversed the predominantly left-sided bmp4 in the heart
field, this suggests that BMP signalling through bmpr2a and
bmpr2b indirectly regulates bmp4 asymmetric expression
through spaw in the LPM.
Intriguingly, knocking down both bmpr2 receptors showed
no additive or synergistic effect on heart laterality when com-
pared to single bmpr2 morphants. However, double bmpr2a/
bmpr2b morphants showed a more dramatic effect on lefty1 as
well as on lefty2 and spaw expression than either single bmpr2
morphant, indicative of an additive effect. Interestingly, we
found that bmpr2b, but not bmpr2a, is essential for proper lefty1
expression in the heart field. How the input of these genes is
interpreted and translated into heart laterality is currently
unknown, but our results suggest that a direct correlation cannot
be readily established. Indeed, the defects observed in the left-
specific gene expression of spaw, lefty1 or lefty2 do not directly
correlate with heart laterality at 32 hpf. In Pkd2-null embryos
(curly upmutants) failure of spaw to expand anteriorly (whether
in the left or in right LPM) predicts lack of lefty2 expression in
the heart field (Schottenfeld et al., 2007). Thus, even when spaw
is expressed bilaterally or in the right LPM in bmpr2 morphants,
differences in its anterior expansion could translate into different
expression profiles of lefty2 and bmp4 in the heart field and
hence determine heart laterality.
Since Bmp4 probably requires bmpr2a and/or bmpr2b to
mediate its action in the heart, the defects in cardiac LR
asymmetry are further compounded by the loss of asymmetric
bmp4 in the heart field. Indeed, the percentage of embryos
showing abnormal bmp4 expression in the heart field prior to
heart jogging did not directly correlate with the percentage of
embryos showing heart jog defects at 32 hpf. At present,
however, our findings provide no direct evidence for the inter-
action between Bmp4 and bmpr2a or bmpr2b during the
establishment of cardiac laterality at late segmentation. Such
evidence should arise from co-localization studies of Bmp4
with bmpr2a and bmpr2b proteins.
Bmpr2a and bmpr2b are functional, non-redundant BMP
receptors in embryonic LR patterning
BMP ligands have been shown to bind type II receptors in
the absence of type I receptors, albeit with low affinity (Liu et
al., 1995; Nohno et al., 1995; Rosenzweig et al., 1995). Since
the ActRI/ActRII ligand binding domain shows similar con-
servation in both receptors, it is likely that bmpr2a or bmpr2b
can bind to other BMP ligands with different affinities. Here we
show that bmpr2a but not bmpr2b binds to BMP2 in vitro in the
presence of ALK3. The weaker dorsalization phenotypes
induced by truncated bmpr2b (bmpr2b-Δic) are thus likely
due to lower affinity to BMP ligands as compared to bmpr2a.
Nevertheless, we show that truncated versions of either receptor
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vity. This suggests that these dominant-negative forms se-
quester the endogenous BMP type I receptors and bind BMPs,
thus interfering with receptor complex formation and blocking
downstream signalling.
Overexpression of bmpr2b increased Smad-dependent BMP
activity in vitro and in vivo, while the full length bmpr2a showed
poor induction of BMP-induced BRE-Luciferase activity in
vitro and very little effect in vivo. One possibility is that while
the extracellular domain of bmpr2a binds to BMP2, its less
conserved kinase domain might not be able to phosphorylate the
type I receptors to initiate the signal transduction cascade as
efficiently as bmpr2b. Indeed, bmpr2b alone showed a striking
upregulation of Smad-dependent BMP signalling although we
detected no binding to BMP2 in vitro. A second possibility is
that bmpr2a might function as an inhibitor whereas bmpr2b is
constitutively active in the cell line we used. A more likely
explanation, however, is that bmpr2a function is context-
dependent. As a bmpr2a/bmpr2b heteromer, bmpr2a might act
as a BMP ‘sink’ to prevent overactivation of Smad-dependent
BMP targets in the LPM by bmpr2b alone. As a homomeric
receptor, bmpr2a mediates Bmp4 induction of lefty1 expression
in the posterior notochord. An attractive possibility is that this
particular response to Bmp4 in the notochord is mostly Smad-
independent, although our mRNA rescue experiments using
heart laterality as readout suggested that bmpr2a can partially
substitute for bmpr2b in an overexpression context in vivo.
Immunohistochemistry studies using antibodies against acti-
vated (nuclear) Smad1/5/8, a hallmark for active BMP signal-
ling, should resolve this issue. In summary, both bmpr2a and
bmpr2b function as BMP receptors, although non-redundantly,
with respect to regulation of embryonic LR patterning.
Bmpr2a and bmpr2b mediate a dual role for BMP signalling in
LR asymmetry
Recently, a set of very elegant experiments have contributed
to an understanding of how the dynamics of Nodal and Lefty1
generate robust LR asymmetry in mice (Nakamura et al., 2006).
Their Self-Enhancement and Lateral-Inhibition (SELI) model
proposes that the strength of signal amplification of asymmetric
left-sided genes in the LPM relies on the initial levels of Nodal
expression in a given side of the LPM. The model predicts that
high initial levels of Nodal on both sides will result on a bilateral
phenotype whereas low levels will randomize the expression of
left-sided genes in the LPM. Moreover, the model predicts that a
sufficiently high level of the initial activating signal in the left
side is sufficient to generate robust LR asymmetry. If by
contrast these levels differ only slightly, randomized patterns of
LR gene expression will occur. Finally, below a certain
threshold of initial signal, left-specific genes will be chiefly
absent from the LPM (Nakamura et al., 2006).
Here, we propose that BMPs play a dual repressor/activator
role in the establishment of LR asymmetry by signalling
through distinct bmpr2a/bmpr2b receptor combinations: 1)
bmpr2a homomers mediate lefty1 initiation in the posterior
midline by Bmp4, thereby repressing spaw in the right LPM,consistent with the model proposed by Chocron et al. (2007);
and 2) bmpr2b alone or in combination with bmpr2a is
responsible for mediating initiation and/or maintenance of spaw
in the left LPM. In relating our findings to the model by
Nakamura et al. (2006), we propose that BMP signalling
through bmpr2a and bmpr2b normally creates the left-sided bias
in the initial spaw expression in the LPM thus determining left
identity upstream of Nodal signalling.
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